Adsorption behaviors of alkanethiol molecules are investigated on the surface of single-walled carbon nanotubes with vibrational spectrophotometer. Butanethiol (C 4 H 9 SH), hexanethiol (C 6 H 13 SH), nonanethiol (C 9 H 20 SH), and dodecanethiol (C 12 H 25 SH) molecules are adsorbed on the nanotube surface, and infrared spectra are measured as a function of concentration of the adsorbed molecules and molecular chain length. Alkanethiol molecules are thought to be strongly adsorbed on the SWNT surface. The active adsorption sites in the nanotube surface are thought to be StoneWales defects ͑5-7 ring defects͒.
I. INTRODUCTION
Many potential applications of carbon nanotubes ͑CNTs͒ rely on the interaction of atoms or molecules with carbon atoms in the tube. One example is hydrogen storage which was once believed to be one of the most promising applications, but recent studies indicate that this was overoptimistic. 1 Adsorption of hydrogen seems most likely due to metal particles, not to CNTs. The presence of highdensity defects can change the properties of the tube wall, and may therefore also change the interface adhesive properties. According to the recent theoretical calculation using a first-principle method, 2 it was found that the Stone-Wales defects ͑a pair of 5-7 rings͒ of the tube wall can reduce cohesive energies for some foreign atoms such as H, C, N, O, F, and P. The presence of heptagon rings was thought to reduce the binding energy by about 0.5 eV, which would therefore be beneficial for adsorption.
In the studies of the interaction of CNTs with organic compounds, amines have attracted special attention. [3] [4] [5] [6] [7] Aspects of particular interest are the covalent functionalization of the CNT probe tip for chemical force microscopy, 3, 4 and increasing the solubility of single-walled CNTs ͑SWNTs͒, [5] [6] [7] their self-assembly on metal surface. 8, 9 Among these, the most extensively explored is the formation of amide derivatives between carboxylic groups on oxidized CNT tips and long-chain amines. Recently, Basiuk et al. 10 reported that infrared ͑IR͒ spectra of oxidized SWNTs treated with amines under different conditions could not correspond to amide derivatives on SWNT tips, because the very low concentration of the terminal groups relative to the whole sample mass resulted in a negligible contribution to the IR spectra. The bands detectable in the case of long-chain amines were thought to correspond to amine molecules physisorbed because of strong hydrophobic interactions of their hydrocarbon chains with SWNT walls.
A class of possible candidates for adsorption molecules onto a CNT surface is organo-sulfur compounds, particularly terminated with thiols ͑-SH͒, i.e., alkanethiol molecules, since self-assembling monolayers ͑SAMs͒ organo-sulfur compounds have provided model systems for understanding fundamental physical, chemical, and biological interfacial processes. 11 In this article, we report the adsorption behavior of alkanethiol compounds having various chain lengths onto the surface of SWNTs. The surface of SWNTs was also changed by the removal of the 5-7 defects through the chemical reaction for further studies on interaction between thiol compounds and SWNTs. IR spectroscopic data and atomic molecular dynamics calculation using the CHARMM force field are provided here.
II. EXPERIMENT
SWNTs produced by the arc-discharge process were obtained from ILJIN Nanotech Inc., Seoul, Korea. These nanotubes were oxidized thermally to remove carbonaceous materials, and subsequently sonificated in HNO 3 for 30 min. This treatment is known to produce shortened and openended nanotubes, 12 which are capable of being terminated by oxygen-containing groups ͑mainly carboxyl and hydroxyl͒ in the presence of an oxidizing acid. The SWNTs were dispersed in ethanol by an ultrasonificator for 8 h, dropped on a glass, and then dried. Alkanethiols with various carbon chain lengths were dissolved in ethanol; butanethiol (C 4 H 9 SH), hexanethiol (C 6 H 13 SH), nonanethiol (C 9 H 20 SH), and dodecanethiol (C 12 H 25 SH) molecules. The SWNTs on the glass were immersed in the thiol-containing solutions for 1 min, and successively washed out several times with ethanol to remove physisorbed thiol molecules from the surface of SWNTs. IR spectra of adsorbed alkanethiol molecules on SWNTs were recorded with ABB Bomen 100 Fourier transa͒ Author to whom correspondence should be addressed; wkyi@hanyang.ac.kr form infrared spectrophotometer. The removal of 5-7 ring defects were carried out by reacting SWNTs with methyl acrylate at 120°C for 2 days. Toluene was used as a solvent under argon gas environment.
III. RESULTS AND DISCUSSION
IR spectrum of SWNTs treated with dodecanethiols ͑DTs͒ is shown in inset of Fig. 1 . It contains strong two bands at 2856 and 2927 cm Ϫ1 which is assigned to symmetric and asymmetric stretching of -CH 2 -, respectively. It is well known that the peak positions above can be used as a sensitive indicator of the ordering of the alkyl chains. [13] [14] [15] Through this article, band intensity comparison between the different alkanethiol molecules is achieved with those peaks. The shoulder around 2960 cm Ϫ1 is assigned to the asymmetrical stretching of -CH 3 . The symmetrical and asymmetrical bending vibrations of -CH 3 could not be seen since they have very low absorption coefficients. It was found in our experiments that the strong two bands were not disappeared in ethanol after the overnight duration or under exposure to air during one week. From the fact that DTs were still remaining on the nanotube surface under ethanol or air exposure, the binding of DT adhesion on the nanotube surface would be strong through terminal thiol groups. When the other thiol-containing molecules such as butanethiol ͑BT͒, hexanethiol ͑HT͒, and nonanethiol ͑NT͒ were used for the adsorption on the surface of SWNTs, the IR spectra showed the same behavior with DT molecules just with different vibrational intensities. It can be concluded that the alkanethiol molecules are strongly adsorbed on the surface of SWNTs via active terminal thiol groups.
The relative intensity change of adsorbed DT molecules is shown in Fig. 1 as a function of the concentration of DT in ethanol from 10 to 500 mM. It increases gradually as increasing the concentration of DT, and seems to be saturated after 300 mM within experimental error. The increasing and saturation behavior were observed in our repeated experiments. Since the band intensity is proportional to the amount of adsorbed DTs, Fig. 1 represents that the adsorption sites inside SWNTs are saturated after 300 mM DT concentration.
Vibrational spectrum upon the adsorption of various alkanethiol molecules onto SWNTs was recorded and its relative intensity is plotted in Fig. 2͑a͒ . For this experiment, thiol-terminated ͑-SH͒ aliphatic carbon compounds were chosen only to compare the effect due to chain length. In other words, from the chemical formula of CH 3 (CH 2 ) nϪ1 -SH, only n was varied, i.e., nϭ4(BT), 6͑HT͒, 9͑NT͒, and 12͑DT͒. As shown in Fig. 2͑a͒ , when n changes from 4 to 12, the relative intensity increases by a factor of 5-6. Vibrational spectrum for each neat sample was also recorded for comparison with adsorbed species and plotted in Fig. 2͑b͒ . Here, the increasing factor is calculated roughly 4 -5 when n increases from nϭ4(BT) to n ϭ12(DT), which is in the similar range with the increasing factor from the adsorbed molecules on the tubes ͓Fig. 2͑a͔͒. These results strongly suggest that the total adsorption sites of the SWNT surface is all the same for various alkanethiols regardless of carbon chain length of each molecule. Consequently, the terminated thiol group of BT, HT, NT, and DT plays an important role for the adsorption on SWNT surface.
Among the many SAM systems that have been investigated, those made by adsorbing alkanethiols on singlecrystal gold surface have been more frequently studied because of their ease of preparation, range of functionalities, and excellent stability. 16 The principal ingredient for obtaining self-assembly is relatively strong interfacial binding asymmetry of the molecular constituents. In the alkanethiol SAM case, this is provided by the sulfur affinity for gold, and a comparably strong lateral interaction ͑4 -8 kJ/mol per CH 2 ), 17 arising from van der Waals forces between the chains. This lateral interaction can be controlled by changing the length of the hydrocarbon. According to the experimental results reported by David and colleagues, 18 the physisorption enthalpy per CH 2 group for alkanethiols is on the order of 6.1 kJ/mol, and chemisorption enthalpy is 126 kJ/mol that is independent of alkyl chain length. In other words, there exist three types of interactions for the alkanethiols adsorbed on gold surface, the lateral interaction between the chain, and the physisorptive and chemisorptive forces with the surface. In our experiment for an adsorption of alkanethiols onto SWNTs, it was performed in liquid phase and through a consecutive thorough washing condition. Therefore, our case would allow only the strong adsorption between alkanethiols and SWNTs, probably chemisorption. Further study in terms of spectroscopy is proceeding to elucidate the interaction between alkanethiols and SWNTs.
From the study of the interaction of oxidized SWNTs with various aliphatic amines, 10 They concluded that IR spectra of oxidized SWNTs treated with amines cannot correspond to amide derivatives on SWNT tips because of the very low concentration of the terminal groups relative to the whole sample mass, which implies a negligible contribution to the IR spectra. They also suggested that the bands detectable in the case of long-chain amines correspond to amine molecules physisorbed because of strong hydrophobic interaction of their hydrocarbon chains with SWNT walls, and energetically favorable adsorption sites are the channels inside SWNTs. However, according to the recent theoretical calculation, 2 it was found that the Stone-Wales defects ͑a pair of 5-7 rings͒ of the tube wall can reduce cohesive energies for some foreign atoms such as H, C, N, O, F, and P. In other words, the heptagon rings generated during SWNT synthesis can be good candidates for the adsorption of foreign molecules.
In this study, the Stone-Wales defects on SWNTs try to be removed artificially by reacting with methyl acrylate (CHϭCH-CϭO͑OCH 3 )) in the followings schemes:
͑1͒
The reaction products above are not evident at this stage since any characteristic vibrational peaks of the products were not found in the IR spectrum after treatment with methyl acrylate. This would be attributed by the small amount of the product samples in Eq. ͑1͒. It is necessary to mention that the strong two peaks at 2856 and 2927 cm Ϫ1 in the inset of Fig. 1 ͑symmetric and asymmetric stretching of -CH 2 of alkanethiol͒ reduced drastically when decreasing chain length from nϭ12(DT) to nϭ4(BT). It is still possible that 5-7 rings in SWNTs react with methyl acrylate via DielsAlder or substitution reaction. In our successive experiment, IR spectra were compared for two samples after being immersed in DT solution, i.e., one is normal SWNTs, and the other is methyl acrylate-treated SWNTs. As shown in Fig. 3 , band intensity at 2856 and 2927 cm Ϫ1 of the methyl acrylatetreated SWNTs almost disappears compared with untreated SWNTs. These results strongly suggest that the active adsorption sites of alkanethiol on the surface of SWNTs are Stone-Wales defects upon the adsorption. SWNT tips were not considered here since terminated carboxyl ͑-COOH͒ or hydroxyl ͑-OH͒ groups hardly react with methyl acrylate.
More studies are proceeding to elucidate the adsorption mechanism of alkanethiols on the surface of carbon nanotubes.
To confirm whether the Stone-Wales defects, i.e., 5-7 ring defects inside SWNTs can become active adsorption sites upon the adsorption of alkanethiol, theoretical calculations were performed. Atomistic molecular dynamics simulation using the CHARMM force field was employed for the calculation. A zigzag ͑14,0͒ SWNT with single 5-7 ring defect was first constructed, and in turn, a single alkanethiol molecule ͑here, ethanethiol͒ was generated and replicated up to 60 numbers in CHARMM 19, 20 program. The replicas of a thiol molecule improve the possibility to search the realistic binding mode on the receptor-ligand molecular system. In   FIG. 4 . ͑a͒ Atomic numbering in a 5-7 ring defect on SWNT surface and ͑b͒ distribution of ethanethiol molecules after energy minimization using dynamic simulation using CHARRM force field. our system, each replica of thiol molecules does not interact together, and has the same energy level with a Gaussian distribution of two-sigma. Successively, replicas were distributed randomly around the single SWNT with a 5-7 ring defect. Finally, the system was minimized energetically and analyzed with an adopted basis Newton-Raphson method. Figures 4͑a͒ and 4͑b͒ represents atomic numbering of a 5-7 ring defect and the distribution of thiol molecules around the SWNT after energy minimization. For the calculation of interaction energy between pentagon, hexagon, and heptagon in SWNT, and thiol molecule replicas, the following energy function was used:
where the first term represents electrostatic energy, q i q j is atomic charge of each atom, ⑀ 0 is dielectric constant, and r i j is interatomic distance, and the second term represents van der Waals energy, and A i j and B i j can be derived from the atomic polarizability and the effective number of outer shell electrons, respectively. The calculated results are in Table I . The total interaction energy (E TOT ), which is the summation of both E VDW and E ELEC , has its minimum value in the case of heptagon ring in SWNT. In other words, the alkanethiol molecules prefer the heptagon ring site to the hexagon ring site in SWNT. We also calculated in detail the energy state of the individual carbon atom inside the heptagon ring for the interaction between the thiol molecules and the SWNT. As shown in Table II , the ninth carbon atom ͓see Fig. 4͑a͔͒ has a minimum binding energy for the interaction with thiol molecules. The calculated optimal binding structure of the SWNT and an alkanethiol is drawn in Fig. 5 .
IV. CONCLUSION
From the analysis of the strong IR peaks of adsorbed alkanethiol on SWNTs, we conclude that alkanethiol molecules are thought to be strongly adsorbed on the surface of SWNTs, and the active adsorption sites in SWNTs might be Stone-Wales defects ͑5-7 ring defects͒. Atomistic molecular dynamics simulation using the CHARMM force field also predicts that the alkanethiol molecules prefer heptagon ring site to hexagon ring site for adsorption on the surface of SWNTs. 
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